؉ cells in vivo (M. Fenaux, M. A. Cuadras, N. Feng, M. Jaimes, and H. B. Greenberg, J. Virol. 80:5219-5232, 2006) and human blood B cells in vitro (M. C. Mesa, L. S. Rodriguez, M. A. Franco, and J. Angel, Virology 366:174-184, 2007). However, the effect of RV on B cells, especially those present in the human intestine, the primary site of RV infection, is unknown. Here, we compared the effects of the in vitro RV infection of human circulating (CBC) and intestinal B cells (IBC)
Rotaviruses (RV) are the main cause of severe gastroenteritis in infants and are responsible for the death of approximately 600,000 young children annually around the world (54 and http://www.who.int/immunization monitoring/burden/rotavirus estimates/en/). At present, two live attenuated vaccines are licensed for use in humans, and both vaccines are highly protective against severe disease in developed countries (60, 69) . However, these oral vaccines induce lower levels of protection in children from developing countries, suggesting that the improvement of these vaccine or the development of new RV vaccines is warranted (32) . Although the RV immune response has been extensively studied in both animals and humans, the immune factors that correlate with protection for natural infection or vaccination in people remain unclear, and this is an important obstacle for the development of the next generation of RV vaccines (2, 25) .
B cells play a critical role in the RV immune response, and both intestinal and systemic immunoglobulins (Ig) are associated with protection (25) . For example, in the murine model, B-cell-but not T-cell-deficient mice are unable to establish long-lasting protective immunity against RV reinfection (26) . The interaction of RV with B cells has been shown to be peculiar in many ways: the structural viral protein VP6 binds to an important fraction of human naive B cells via surface Ig (55, 58) , and VP6 memory B cells (mBC) are enriched in the CD27 Ϫ IgG ϩ (58) and CD27 ϩ IgM ϩ subsets (66) . VP6-specific naive B cells and, to a lesser extent, the mBC predominantly use the VH1-46 gene segment (66) . Moreover, a massive Tcell-independent B cell activation and humoral response can be detected in vivo after oral RV infection in mice (10) . However, the activation of these cells is probably viral strain dependent, since simian rhesus RV (RRV), but not bovine WC3 RV, has been shown to polyclonally stimulate a total antibodysecreting cell (ASC) response in intestinal organ fragment cultures (44) . Although the principal immune function of B cells has been associated with the production of Ig, recent reports show that these cells also can play an important role in modulating the immune response independently of Ig through the production of cytokines like tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), and IL-10 and their related potential function as antigen-presenting cells (3, 18, 31, 67) .
We and others have shown that RVs undergo systemic, extraintestinal replication in both immunodeficient and wild-type mice (16, 24) . In addition, a significant antigenemia and viremia is seen in most acutely infected children (8, 9) . In particular, we have shown the in vivo replication of homologous and heterologous RV strains in B220 ϩ cells (a marker expressed by B cells or plasmacytoid dendritic cells [pDC]) obtained from murine mesenteric lymph node (24) , and recently we also demonstrated that approximately 10% of primary human circulating B cells (CBC) are targets of RV infection in vitro (49) . purity of intestinal CD19 ϩ cells was 89 (range, 79 to 93%) and 81% (range, 73 to 90%) after positive and negative selection, respectively.
Production and inactivation of RV. The vaccine strain RRV (G3 P [3] ) and human virus Wa (G1 P1A [8] ) were used to infect circulating and intestinal human B cells. Viruses were produced in MA104 cells as previously described (26, 52) , with minor modifications. Briefly, a semiconfluent monolayer of MA104 cells was washed three times with serum-free medium and infected at a multiplicity of infection (MOI) of 10 during 1 h at 37°C. The viral inoculum for RRV was removed, but for Wa it was maintained, and serum-free medium with 2 g/ml trypsin was added. To produce mock-infected cells, the same process was performed without virus. The titer of the virus was determined with MA104 cells as previously described (52) .
The chemical inactivation of RRV was done using UV-psoralen (Sigma-Aldrich) as previously described (33) . In short, psoralen was added at a concentration of 40 g/ml. The virus then was placed in ice at a distance of 10 cm and irradiated with high-intensity long-wavelength UV light for 40 min. After this process, less than 10 FFU/ml of RRV was detected. The antigenicity of psoraleninactivated RRV (iRRV) was tested by measuring the binding capacity of monoclonal antibodies (MAb) against VP6 (1E11 MAb) and trimeric VP7 (159 MAb).
Detection of viral infection and replication in B cells. B cell infection was carried out as previously described (49, 52) . In general, 0.5 ϫ 10 6 to 1 ϫ 10 6 B cells were washed three times with serum-free complete medium and then infected with RRV or Wa at an MOI of 5. Cells were incubated for 45 min at 37°C and washed twice to remove the excess virus, and then they were cultured in complete medium to determine infection by flow cytometry and in serum-free medium to detect viral replication by enzyme-linked immunosorbent assay (ELISA) and MA104 titration at different times postinfection. The RV infection was detected following the expression of intracellular nonstructural protein NSP2 using a MAb against NSP2 previously characterized in our laboratory (MAb 191) (5, 62) and commercially labeled with allophycocyanin (APC) (Chromoprobe Company, http://chromoprobe.com). Briefly, 10 h postinfection (hpi) B cells were washed with PBS-0.5% bovine serum albumin (BSA), 0.02% azide (staining buffer), resuspended, and stained with anti-CD19 PE-Cy7 (SJ25C1 clone), anti-CD20 APC-H7 (L-27 clone), anti-IgD fluorescein isothiocyanate (FITC) (IA6-2 clone), and anti-CD27 PE (MT271 clone). For IBC, anti-CD38 peridinin chlorophyll protein (PerCP)-Cy5.5 (HIT2 clone) also was included to analyze the RV effect on ASC. All antibodies were purchased from BD Bioscience unless otherwise noted. B cells were incubated during 30 min and then fixed and permeabilized using Cytofix/Cytoperm (BD Bioscience) by following the manufacturer's protocol. To block the Fc␥ receptors, an FcR blocking reagent from Miltenyi Biotec was added for 5 min at room temperature. The cells then were stained with 0.5 g/test anti-NSP2 APC and incubated for 30 min at 4°C. Finally, the cells were washed and resuspended in 300 l of Perm/Wash (BD Bioscience). iRRV was used as an infection control, and an isotype control for anti-NSP2 was used as the staining control for infected B cells. In some experiments, simultaneous intracellular staining with 0.8 g/test of anti-VP6 PE (MAb 1E11) (Chromoprobe Company) was used. Approximately 20,000 cells were acquired using a FACS Aria II or LSR II cytometer and DIVA software (BD, San Jose, CA).
To determine if B cell infection was productive, the number of viral particles and the relative quantity of VP6 in the supernatant of cell cultures collected 2 and 24 h postinfection was measured by the titration of MA104 cells and ELISA, respectively, as described previously (52) .
Sorting of purified infected B cell subsets. At least 30 million bead-purified CBC were mock or RRV infected as described above. Immediately after infection, cells were stained with anti-CD19, anti-CD27, and anti-IgD and sorted by fluorescence-activated cell sorting (FACS) using a FACS ARIA II (BD). At least 50,000 cells of each of the four subsets of B cells were isolated: CD27 Ϫ IgD ϩ (naïve), CD27 ϩ IgD Ϫ (switch memory), CD27 ϩ IgD ϩ (IgM memory) (45) , and CD27 Ϫ IgD Ϫ (recently described as a CD27 Ϫ mBC [23, 71] ). Typically, the least-frequent subset was CD27 Ϫ IgD Ϫ (71). Close to 2,000 cells of each purified subset were acquired in the FACS to verify the degree of purity (see the post-sort purity column in Fig. 2A ). Approximately 50,000 cells of each subset were cultured for 10 h and then stained with anti-CD19, anti-CD27, anti-IgD, and anti-NSP2 antibodies. A total of 5,000 to 10,000 cells were acquired to identify the percentage of RV NSP2 ϩ cells in mock-or RV-infected cells (see the 10-hpi column in Fig. 2A) .
Cellular viability analysis. The viability of RV-infected B cells was evaluated using trypan blue exclusion and flow cytometry. Ten hours after infection, cells were collected and a small fraction of them was used for trypan blue staining. The remaining cells were washed twice, resuspended in sterile PBS, and stained with Aqua-Fluorescent reactive dye (Invitrogen, Carlsbad, CA) by following the manufacturer's protocol. Cells then were stained with anti-CD19, anti-CD20, anti-CD27, anti-IgD, and intracellular anti-NSP2, as described above. In some experiments viability changes were detected using a commercial kit (APOPTEST-FITC; Dako Cytomation) that includes staining for annexin V and propidium iodide (PI). B cells treated with a high dose (80 M) of etoposide (Calbiochem, San Diego, CA) were used as a fast (10 h) B cell death inductor (positive control).
Study of activation markers in B cells. Negatively purified CBC and IBC cells were mock infected or were infected with iRRV or RRV. Cells stimulated with 50 g/ml lipopolysaccharide (LPS) (Sigma), 3 g/ml CpG 2006 (Invivogen), or 10 g/ml anti-B-cell receptor (anti-BCR) [F(abЈ) 2 goat anti-human IgA, IgG, and IgM from Jackson Immunoresearch] were used as positive controls. Twelve hours after infection, cells were washed and incubated with anti-CD19 PE-Cy7 (SJ25C1), CD69 APC (FN50 clone), CD40 PE (5C3 clone), CD86 FITC (FUN-1 clone), and HLA-DR APC-Cy7 (L243 clone) for 30 min at 4°C. Finally, cells were washed and fixed with 1% paraformaldehyde (Electron Microscopy Sciences, Washington, PA). Paired PBMC or IMC, from which the B cells were obtained and which were similarly treated, were stained at the same time. For these experiments, mock-infected CBC or IBC were used as controls.
Two-color ELISPOT assay. Total ASC were measured by enzyme-linked immunospot (ELISPOT) assay as described previously (61) . Briefly, 96-well plates (Immobilon P membrane; MAIPN4510; Millipore, Billerica, MA) were coated with affinity-purified goat anti-human IgA-IgG-IgM (HϩL) (KPL, Gaithersburg, MD) at a concentration of 4 g/ml in PBS. Plates were coated with PBS as a negative control. Plates were incubated overnight at 4°C and blocked for 2 h at 37°C with complete medium prior to use. PBMC, CBC, and polyclonally stimulated CBC were mock infected or were infected with iRRV, RRV, or 10 g/ml polymyxin B-treated RRV and cultured for 5 days. The virus was maintained during the culture period. Cells then were suspended in complete medium containing 6.3 g/ml of peroxidase-conjugated goat anti-human IgA antibody (Sigma, St. Louis, MO) and 0.5 g/ml of phosphatase-conjugated goat antihuman IgG (HϩL) antibody (KPL) and distributed into ELISPOT assay plates, prepared as described above, and incubated for 4 h at 37°C in a CO 2 incubator. Plates were washed with PBS and developed with an AEC substrate kit for peroxidase (Vector, Burlingame, CA) and subsequently developed with a blue alkaline phosphatase substrate kit (Vector). Human IgA ASC were visualized as red spots and IgG ASC as blue spots in the same wells. The quantity of ASC per well was determined by counting the spots under a dissecting microscope, and the quantity reported is the average count. Background ASC detected in the wells coated with PBS were subtracted from the quantity of total ASC. To report the number of ASC/10 6 B cells in whole PBMC (see Fig. 4B and C), the frequency of CD19 ϩ cells was determined by flow cytometry.
Polyclonal stimulation of B cells. Purified CBC and IBC were washed with serum-free medium twice. A total of 1 ϫ 10 6 cell/ml were stimulated with 10 g/ml anti-BCR [F(abЈ) 2 goat anti-human IgA, IgG, and IgM from Jackson Immunoresearch], 50 g/ml LPS (Sigma-Aldrich), or 3 g/ml CpG 2006 oligodeoxinucleotide (Invivogen). After 30 min of incubation at 37°C, CO 2 5%, B cells were washed and infected as described above. All polyclonal stimuli were maintained during the culture period. After 10 hpi, B cells were washed and stained to detect intracellular NSP2. In some experiments the stimulation was applied after and not prior to infection.
Measurement of cytokines in B-cell culture supernatants. To quantify cytokines present in the supernatants of infected CBC and IBC cultures, 72 hpi the supernatants were frozen and stored at Ϫ70°C. IL-1␤, IL-6, IL-8, IL-10, IL-12p70, and TNF-␣ were detected using a BD cytometric bead array (CBA) human inflammation kit (BD Bioscience) by following the manufacturer's instructions.
Detection of RV-specific cytokine producing circulating and intestinal T cells. The frequency of RV-specific CD4 ϩ and CD8 ϩ circulating and intestinal T cells was determined as previously described (39, 52) . Briefly, 2 ϫ 10 6 PBMC or IMC were mock or RRV (MOI, 7) infected or treated with the superantigen staphylococcal enterotoxin B (SEB; Sigma-Aldrich) as a positive control (1.25 g/ml). Anti-CD28 (0.5 g/ml) and anti-CD49d (0.5 g/ml) MAbs (Pharmingen, San Diego, CA) were added to each sample as costimulators for 10 h, the last 5 h in the presence of 10 g/ml brefeldin A (Sigma-Aldrich). The cells were washed and stained with the following antibodies: anti-CD3 Alexafluor 700 (UCHT-1 clone), anti-CD8 Pacific Blue (RPA-T8 clone), anti-CD4 PerCP-Cy5.5 (SK3 clone), anti-CD69 APC (FN50 clone), anti-IFN-␥ PE-Cy7 (4S.B3 clone), anti-IL-10 PE (JES3-19F1 clone), anti-TNF-␣ FITC (Mab11 clone), and anti-IL-2 FITC (5344.111 clone). To exclude dead cells, Aqua-Fluorescent reactive dye (Invitrogen) was added to PBMC and IMC at the beginning of the staining as described above.
To evaluate the potential role of B cells as antigen-presenting cells in this short in vitro memory T-cell assay, a fraction of PBMC or IMC was depleted of B cells using anti-CD19 microbeads (Miltenyi) and stimulated as describe above for unfractionated cells. The efficiency of B cell depletion in PBMC or IMC was Ն98%. After depletion, the cytokine staining was done as described above.
Statistical analysis. Flow cytometry analysis was performed using FlowJo software (Treestar Inc., Ashland, OR). Statistical analysis was performed with SPSS (Chicago, IL) software, version 17.0, using nonparametric tests. Differences between independent groups were evaluated with Mann-Whitney tests. Differences between paired results were compared with the Wilcoxon test. Significance was established at P Ͻ 0.05. Data are shown as medians and ranges unless otherwise noted. For the statistical analysis of studies that quantified cytokines by CBA (see Fig. 5 ), values below the limit of the sensitivity of the assay were assigned a value of half the sensitivity limit of the assay for each cytokine.
RESULTS

RV preferentially infects human IBC.
To determine if RV differentially infects human CBC and IBC, purified B cells from adult blood donors or independently from patients undergoing bariatric surgery were mock infected or infected with iRRV, RRV, or Wa at an MOI of 5. The intracellular expression of NSP2 was evaluated by flow cytometry at different times postinfection. Comparable frequencies of RV-infected CBC were seen after anti-NSP2 (MAb 191) or anti-NSP4 (MAb B4-2) staining (n ϭ 2; data not shown), and subsequently only NSP2 staining was employed. No NSP2 ϩ cells were detected 2 hpi in two and one experiments with CBC and IBC, respectively (data not shown). In contrast, significant frequencies of NSP2 ϩ cells were detected in RRV-and Wa-infected but not mock-or iRRV-infected cells 10 hpi ( Fig. 1A) . IBC were 4-fold more likely to support viral replication than CBC (P Ͻ 0.0001, Mann-Whitney test). Significant Wa infection occurred at lower levels than those for RRV in both CBC and IBC. Although no statistical difference was found between intestinal and circulating NSP2 ϩ cells infected with Wa (P ϭ 0.09, Mann-Whitney test), a tendency for higher levels of infection in IBC was seen ( Fig. 1A ). To confirm these results, CBC and IBC obtained from the same volunteer were infected with RRV ( Fig. 1B ). After 10 h, the intracellular coexpression of nonstructural protein NSP2 and the viral structural protein VP6 was examined. In agreement with our results, most NSP2 ϩ cells also expressed VP6, and approximately 3-fold-higher levels of double-positive infected cells were present in IBC than in CBC ( Fig. 1B) .
We next examined if RV undergoes a complete viral replication cycle in infected B cells. The relative quantities of infectious virus (Fig. 1C ) and VP6 (data not shown) present in infected CBC and IBC supernatants were evaluated by titration on MA104 cells and ELISA at 2 and 24 hpi, respectively. A significant increase of infectious virus and soluble VP6 was present in supernatants of CBC and IBC treated with live RRV at 24 hpi ( Fig. 1C and data not shown). Of note, the infection of human primary CBC and IBC with RRV is substantially less productive than the comparable infection of MA104 cells (Fig. 1C ). These results indicate that RV preferentially infects human IBC, and that this infection is productive.
RV predominantly infects mBC subsets. The distribution of B-cell subsets varies according to their localization in the host and in the intestine; unlike the case for blood, there are more antigen-experienced than naïve B cells (21, 22) . To determine the susceptibility of B-cell subsets to RV infection, CBC were isolated and mock infected or infected with RRV, and imme- diately after infection cells were stained with anti-CD19, anti-CD27, and anti-IgD and sorted by FACS. Four subsets of B cells were isolated: CD27 Ϫ IgD ϩ (naïve), CD27 ϩ IgD Ϫ (switch memory), CD27 ϩ IgD ϩ (IgM memory) (45) , and CD27 Ϫ IgD Ϫ (recently described as a CD27-mBC [23, 71] ). All populations were more than 94% pure after sorting ( Fig. 2A ). Since sorting was performed after infection, virus exposure was comparable for all subsets. At 10 hpi, cells were washed and stained again with anti-CD19, anti-CD27, and anti-IgD MAbs and permeabilized to detect intracellular NSP2. As shown in Fig. 2A , naïve B cells were relatively resistant to RV infection, and 3to 6-fold higher frequencies of infected cells were observed in the switch, IgM, and CD27-mBC subset populations (n ϭ 3) ( Fig. 2A) .
To confirm and extend these observations, purified CBC and IBC were infected, and 10 hpi the cells were stained with anti-CD19, anti-CD20, anti-CD27, anti-IgD, anti-CD38, and anti-NSP2 MAbs. As shown in Fig. 2B , RV replication was highly restricted to IgD Ϫ CD27 ϩ mBC. Of note, from 20 to 90% of intestinal ASC (CD19 ϩ CD20 low CD38 high CD27 ϩ ) supported RRV replication (data not shown). After RRV infection, 52 to 86% and 54 to 92% (median of approximately 80%) of infected cells were present in the memory (IgD Ϫ ) compartment of CBC and IBC, respectively ( Fig. 2B and C) . Human Wa RV also preferentially replicated in mBC subsets of CBC and IBC (Fig. 2C ). Thus, circulating and intestinal mBC subsets are the principle targets of both heterologous and homologous RV infection, and in the intestine, substantial infection also takes place in CD38 high ASC (data not shown).
RV infection diminishes viability of CBC but not of IBC. RV infection frequently is cytolytic in cell culture and could cause the death of infected B cells. To determine if RV induces viability alterations in infected CBC and IBC, mock-, iRRV-, RRV-, or Wa-infected cells were stained with several viability markers 10 hpi. The staining of CBC with trypan blue showed a significantly higher frequency of dead cells in RRV-infected than in mock-infected cells, with medians of 11.5 (range, 4.2 to 29%) and 4.3% (range, 0 to 14%), respectively (P ϭ 0.004, Man-Whitney test; n ϭ 13) (data not shown). Trypan blue analysis was not performed on IBC, because the contamination of the preparations with dead epithelial cells confounded the analysis. Moreover, the percentage of fluorescent amine-positive (dead cells) B cells was significantly higher (P ϭ 0.001, Man-Whitney test; n ϭ 10) in RRV-infected CBC (median, 8%; range, 3 to 20%) than mock (median, 2%; range, 1 to 5%)-, iRRV (median 3%; range, 1 to 5%)-, or Wa (median, 4%; range, 1 to 7%)-infected B cells (Fig. 3A) . However, no differences were found in the frequency of dead IBC between mock-, iRRV-, RRV-, and Wa-infected cells (Fig. 3A) . Etoposide (which, at the high doses used here, can provoke necrosis [53] ) induced comparable frequencies of dead cells in both CBC and IBC (Fig. 3A) .
To further study the mechanism of death generated by RRV in CBC, infected CBC were stained with annexin V (an apoptosis marker) and propidium iodide (PI) (a necrosis marker). As seen in Fig. 3B , levels of staining comparable to those described above for the fluorescent amine were detected with these markers. The analysis of infected cells (Fig. 3B ) showed a predominant frequency of annexin V and PI double-positive cells, suggesting that necrosis, more likely than apoptosis (15, Microbead-purified CBC were mock infected or were infected with RRV (MOI, 5) for 45 min, stained, sorted by FACS, and cultured for 10 h. The expression of CD19, CD27, IgD, and intracellular NSP2 was evaluated after culture. One representative experiment of three performed is shown. (B) CBC and IBC were purified with beads and then were mock infected or were infected with RRV (MOI, 5). After 10 h, cells were stained with a viability marker, MAb against CD19, CD27, and IgD, and then permeabilized to detect NSP2. For IBC, MAb anti-CD20 and anti-CD38 were included to analyze ASC (data not shown). Dot plots are gated on lymphocytes by size and granularity, CD19 ϩ CBC, or CD19 ϩ CD20 ϩ/Ϫ IBC. (C) Distribution of RRV-and Wa-infected cells in the B-cell subsets. Results from more than eight experiments for CBC and IBC are presented. Bars represented the medians and ranges. An asterisk indicates statistically significant differences between the frequencies of cells expressing NSP2 in IgD ϩ/Ϫ B-cell subsets (P Ͻ 0.003, Wilcoxon test). 19) , is the primary mechanism for RV-induced B-cell death. These results suggest that RRV induces viability alterations in a significant fraction of CBC, while IBC, which are more readily infected, are relatively resistant to RV-induced death early (10 h) after infection. No differences were seen between mock-and Wa-infected B cells, probably because of the lower frequency of cells supporting viral infection (Fig. 3A) . RV induces B-cell activation and differentiation to ASC by an indirect mechanism. T-independent massive B cell activation has been reported after RV infection in vivo and in vitro in the mouse model (6, 10) . To determine if RV induces the activation of human CBC and IBC in vitro, the expression levels of CD69, CD40, CD86, and HLA-DR were examined by flow cytometry after the mock, iRRV, or RRV infection of negatively purified CBC, IBC, or the respective PBMC and IMC preparations from which B cells were purified. Cell stimulation with LPS, CpG 2006, or, in some cases, anti-BCR were used as positive controls for B-cell activation. LPS and CpG 2006 significantly increased the percentage of CD69 ϩ B cells present in purified CBC and PBMC (Fig. 4A, top) . However, after RV infection, B-cell activation was not observed in purified circulating or intestinal B cells (Fig. 4A, top and bottom, open bars). Strikingly, the frequency of activated B cells was significantly higher after the RV infection of PBMC than that for purified CBC derived from the PBMC (Fig. 4A , top, stippled bars). RV replication was not a critical requirement of activation, since iRRV increased CD69 expression in PBMC as well as live RRV (Fig. 4A, top) . In contrast, RV and CpG 2006 did not activate IBC and IMC, and only a low but significant activation (Fig. 5A, bottom) was detected after the LPS treatment of purified IBC and whole IMC (P Ͻ 0.03, Mann-Whitney test). The anti-BCR treatment of purified CBC and IBC, used as positive controls, resulted in the enhanced expression of CD69 (median for CBC, 26%; range, 15 to 77%; median for IBC, 13%; range 3 to 20%; n ϭ 4; data not shown). A not significant but consistent increase in CD86 expression was noted in CBC infected with RV, but no changes were observed when HLA-DR or CD40 was analyzed (data not shown). Taken together, these findings indicate that RV induced the activation of B cells in the circulation when they were present as a component of PBMC and not when they were purified. On the other hand, IBC were not activated by RV treatment (except for low-level activation with LPS) even when exposed as a component of IMC.
Since RV induced B-cell activation in PBMC, we wished to determine if RV also could induce BC differentiation into ASC. For this purpose, PBMC and CBC were mock infected or were infected with iRRV or RRV, and the frequency of total IgA and IgG ASC was measured by two-color ELISPOT assay after 5 days of culture. In agreement with CD69 expression analysis (Fig. 4A) , the RRV infection of PBMC significantly increased the frequency of IgA/IgG ASC in the culture (Fig.  4B, top) . This effect was not dependent on RV replication and was not explained by the LPS contamination of the RRV preparation, since iRRV-and polymyxin B-treated RRV supernatant induced similar frequencies of IgA/IgG ASC in the culture (Fig. 4B , top, and data not shown, respectively). In contrast to the effect of the virus on PBMC, the RV infection of purified CBC did not result in notable ASC differentiation (Fig. 4B, bottom ), suggesting that factor(s) from another cell(s) present in the PBMC population likely was necessary for RV-mediated circulating B-cell activation and differentiation to ASC.
We next examined if RV could modulate the differentiation of B cells to ASC induced by various polyclonal stimulations. CBC and PBMC were treated with the Toll-like receptor (TLR) agonists LPS and CpG 2006 as well as anti-BCR, and they were simultaneously infected with RRV. All stimuli were maintained during the time course of the experiment, as described in Materials and Methods. High frequencies of ASC were observed following LPS treatment and even more so after the CpG 2006 treatment of mock-infected PBMC or CBC (Fig.  4C, open circles) . A significant decrease in the frequency of ASC generation was observed with concomitant RV infection in CpG-stimulated PBMC and CBC and LPS-treated CBC (Fig. 4C, filled circles) . Taken together, these findings show that RV can inhibit the differentiation of polyclonally stimulated CBC to ASC.
RV induces IL-6 secretion in human CBC but not in IBC.
Recent studies have shown that cytokines released by B cells can play important roles in modulating the immune response (36, 47, 48, 73) . We analyzed, by CBA, the pattern of cytokines (IL-1␤, IL-6, IL-8, IL-10, IL-12p70, and TNF-␣) produced by CBC and IBC 72 h after RV infection. In general, higher levels of IL-6 and IL-8 were found in supernatants of CBC than in those of IBC ( Fig. 5 ). RRV and iRRV significantly enhanced the secretion of IL-6 from CBC but not from IBC (P Ͻ 0.01 and P Ͼ 0.2, respectively, Wilcoxon test) (Fig. 5, top and  bottom) . Comparable IL-6 secretion was obtained after the infection of CBC with cesium-purified RRV, excluding the possibility that this cytokine was induced by cellular components present in supernatants (n ϭ 3) (data not shown). IL-8 was not induced by RRV or iRRV in these experiments. IL-10 and TNF-␣ were induced irregularly in CBC but not in IBC ( Fig. 5 ).
We next examined if RV could modulate the secretion of cytokines induced by polyclonally stimulated B cells. After polyclonal stimulation with anti-BCR (or LPS and CpG 2006; data not shown) of mock-infected cells, a significant increase in the secretion of IL-6 and IL-8 in CBC and IBC, and TNF-␣ only in CBC, was observed ( Fig. 5 ). Interestingly, a significant decrease in the IL-6 and IL-8 secretion was observed in anti-BCR-treated CBC infected with RV compared to that of noninfected anti-BCR-treated control cells (P ϭ 0.02 and P ϭ 0.03, , and this suppressive response was not present in anti-BCR-treated infected IBC (Fig.  5) . A low level of production of TNF-␣ (median, 9 pg/ml; range, 1.8 to 30; n ϭ 12; Fig. 5 ) and IL-10 (median, 20 pg/ml; range, 5 to 183; n ϭ 10; data not shown) was provoked by the anti-BCR and CpG 2006 stimulation of CBC, respectively. Of note, a detectable but not significant decrease in TNF-␣ in anti-BCR-stimulated CBC also was obtained after RV infection ( Fig. 5, top) . In contrast, IL-12p70 and IL-1␤ were not detected in the cultures of CBC or IBC with any of the stimulations (data not shown). In summary, CBC and IBC secrete cytokines differentially after RV infection, with CBC being more responsive, and RV decreases the secretion of IL-6 and IL-8 from anti-BCR-stimulated CBC but not IBC (Fig. 5) .
Polyclonal stimulation induces a significant increase in RRV infection and cell death in CBC but not in IBC.
Since RV can modulate the frequency of ASC and the secretion of IL-6 and IL-8 in polyclonally stimulated B cells ( Fig. 4 and 5 , respectively), we examined the effect of B-cell activation on viral replication and cell viability. CBC and IBC were left untreated or were treated with anti-BCR, LPS, or CpG 2006 and then mock infected or infected with iRRV, RRV, or Wa. Anti-BCR, LPS, or CpG 2006 treatment was maintained during the incubation. No NSP2 ϩ B cells were detected in polyclonally stimulated cells that were mock infected or infected with iRRV. As seen in Fig. 6A , the polyclonal stimulation with anti-BCR increased 3-fold the percentage of CBC that support RRV replication. LPS treatment had a significant stimulatory effect on the RRV infection as well (Fig. 6B) . In contrast, no increase in the frequency of NSP2 ϩ cells was detected in IBC treated with these same stimuli (Fig. 6A and B) . A comparable increase in the Wa-infected cell number was observed in polyclonally stimulated CBC (n ϭ 5) (Fig. 6B) . Interestingly, when viral infection and cell death were analyzed together, a significant positive relation (n ϭ 6, P ϭ 0.02, Mann-Whitney test) between the increase in RV-infected cell number and CBC death was found in LPS-treated cells (Fig. 6C) . Although no significant relationship between cell death and RV replication was seen in anti-BCR-stimulated CBC, a similar tendency was noted ( Fig. 6A and C) . In contrast to CBC, RV-infected anti-BCR and LPS-stimulated IBC did not have an increase in viral replication and RV-induced cell death (Fig. 6) .
B cells do not play a role in the stimulation of RV-specific memory circulating and intestinal CD4 ؉ and CD8 ؉ T cells. To characterize the role of B cells as antigen-presenting cells, an
in vitro T-cell stimulation assay was carried out using PBMCs and IMCs that were not depleted or that were depleted of B cells with microbeads. The frequencies of RV-specific T cells producing IFN-␥, IL-2, TNF-␣, or IL-10 were evaluated by intracellular cytokine detection. In agreement with our previous results (39), a low but significant level of difference was found in the frequency of RV-specific IFN-␥-producing CD4 ϩ T cells in PBMCs stimulated with RRV (median, 0.04%; range, 0.02 to 0.11%) compared to that for mock-infected cells (median, 0.01%; range, 0.00 to 0.02%; P ϭ 0.04, Wilcoxon test; n ϭ 5) ( Fig. 7) . Interestingly, a substantial difference also was found in intestinal CD8 ϩ T cells either mock (median, 0.04%; range, 0.0 to 0.08%; P ϭ 0.04, Wilcoxon test) or RRV stimulated (median, 0.58%; range, 0.04 to 3.08%) ( Fig. 7) . After the depletion of B cells from PBMCs or IMCs, no differences were found in the frequency of IFN-␥-producing RV-specific CD4 ϩ or CD8 ϩ cells compared to that of nondepleted whole PBMCs or IMCs, suggesting that B cells do not participate significantly as antigen-presenting cells in this short in vitro memory assay ( Fig. 7) . However, an important decrease in the frequency of SEB-stimulated intestinal CD8 ϩ T cells producing IFN-␥ was observed after B-cell depletion, which could be due to the reduction of HLA I-expressing cells (HLA molecules are necessary for adequate superantigen stimulation). No important differences were found in the RV-specific T cells producing IL-10, TNF-␣, or IL-2 observed in PBMC or IMC either left nondepleted or depleted of B cells (data not shown).
DISCUSSION
We studied the interaction of RV with human CBC and IBC and have several conclusions. (i) RV preferentially infects IBC instead of CBC, and in B cells from both locations replication is highly restricted to antigen-experienced memory B-cell subsets. (ii) The RV infection of CBC was associated with the necrotic cell death of a significant fraction of CBC, but comparably infected IBC were relatively resistant to cell death for the short term. (iii) The RV infection of PBMC, but not purified B cells and not IMC or purified IBC, induced the expression of B-cell activation markers and the differentiation of B cells to ASC. (iv) RV-infected CBC, but not IBC, produced IL-6. (v) RV infection decreased the number of ASC generated after the LPS and CpG stimulation of CBC. (vi) RV infection of polyclonally BCR-stimulated CBC, but not IBC, decreased the production of IL-6 and IL-8. (vii) The frequency of CBC, but not IBC, supporting RV replication and cell mortality increased when cells were activated via BCR or TLR-4. (viii) Finally, B cells do not function as important antigenpresenting cells for RV in a short memory T-cell stimulation assay with PBMC and IMC, and probably there are more RV-specific memory T cells in the intestine than in the circulation of nonacutely infected adults.
As we reported previously (49) , RRV infected a relatively small fraction of total blood B cells (Fig. 1) . Interestingly, 4-fold-greater frequencies of RRV infection were observed when IBC, rather than CBC, were examined ( Fig. 1A and B ). Frequencies of Wa-infected CBC and IBC were consistently lower than those of RRV (Fig. 1A) , but a similar tendency for the increased infection of IBC was seen. This can be explained by the fact that mBC and ASC, which are the most permissive targets of RV infection (Fig. 2) , are present in intestinal sam- on March 10, 2020 by guest http://jvi.asm.org/ ples at higher levels than in the circulation (11, 22) . In our samples, less than 0.5% (range, 0.08 to 1.2%; n ϭ 5) of the CBC expressed ASC markers, while 20% (range, 4.4 to 42%; n ϭ 16; data not shown) of IBC expressed those markers. However, we cannot rule out the additional possibility that, compared to circulating mBC, intestinal mBC have a higher susceptibility to RV infection. Another possible explanation for the increased susceptibility of IBC is that the receptor used by RV to enter B cells also is important for intestinal homing and hence is present at greater frequency in IBC. However, the integrin ␣4␤7, one of the best-characterized intestinal homing receptors (4, 12, 35) , is not a good candidate, because it is expressed by both naive B cells (59) and mBC. In addition, neither blocking MAb anti-␣4␤7 nor recombinant MadCAM-1 was able to inhibit the RRV infection of IBC (n ϭ 3) (data not shown).
The RV infection of primary human B cells was productive (Fig. 1C) , but not as productive as that in the highly permissive MA104 cell line. In contrast to the flow cytometry results, which show the greater infection of IBC, the relative amount of VP6 or the number of infectious particles detected in the supernatants of RRV-infected CBC and IBC 24 hpi were not significantly different (Fig. 1C and data not shown) . This apparent discrepancy likely is explained by differences in the sensitivity of the techniques used (52) . However, since there are higher frequencies of total ASC in intestinal samples, it also seems possible that RV-specific ASC were present in the intestinal B-cell samples, which, during the 10-h incubation period, could secrete neutralizing Ab that reduced the number of infectious particles present in these samples, thereby artificially lowering the observed viral yields.
RV infected higher frequencies of antigen-experienced B cells compared to naive B cells from both CBC and IBC (Fig.  2) . In the circulation, however, because of the substantially higher percentage of naïve B cells present (Fig. 2) , the total number of potentially infectible B cells in the naïve subset would be appreciable, although still less than that in the combined memory compartments. This selective viral replication in the memory compartment may influence how RV modulates the immune response, since it recently has been reported that the profile of cytokines released by the different subsets of B cells varies substantially. For example, human mBC but not naïve cells produced TNF-␣ and IL-12 after stimulation with CD40L and anti-BCR (17, 27) . Moreover, the supernatant of mBC but not naïve B cell cultures induced IFN-␥ production by T cells (17, 27) . Of note, TNF-␣ and IFN-␥ have been reported to be in the plasma of children with febrile acute RV infection (42) . Interestingly, despite the fact that RV antigen and infectious virus are present in the plasma of a high percentage of recently infected children or mice, it has been impossible to detect RV-infected blood B cells in these samples (7, 49) . Our findings of the preferential RV infection of antigen-experienced B cells provide one possible explanation to this observation, since young children have low frequencies of mBC, which are more susceptible to RV infection and, if infected, would quickly die, preventing their detection in circulation ( Fig. 3) .
Contrary to Epstein-Barr virus (EBV), which persistently infects B cells and in which they inhibit apoptotic pathways (1), RV induces a fast lytic cycle in many cell types (43) . Here, we demonstrated that RV affected the viability of CBC but not that of IBC (Fig. 3A) , even though 4-fold-higher percentages of IBC were infected. RV probably induces the cell death of B cells by necrosis and not by apoptosis, because the same percentage of RV-infected B cells expressed the three death markers used (annexin V, PI [ Fig. 3B ], and Aqua-Fluorescence; data not shown); however, these results need to be confirmed in future studies. Of note, prior studies of RV effects on intestinal epithelial cell viability have indicated that the primary mechanism of cell death in this case is by apoptosis (14) . The fact that RV-infected IBC are more resistant to death could explain, at least in part, why large numbers of activated B cells accumulate in intestinal lymphoid organs during RV infection in mice (10) .
In agreement with previous reports of RV-infected splenocytes from mice and PBMC from children with acute RV- induced gastroenteritis (6, 70) , RV induced the CD69 expression of a significant fraction of CBC when cells were infected as a component of whole PMBC, but there was low or no activation and ASC differentiation observed when purified CBC or IBC were infected (Fig. 4) . iRRV had an effect similar to that of live RRV (Fig. 4B ). This result may have implications for the design of future inactivated RV vaccines. Taken together, these results suggest that RV induces the activation and differentiation of CBC by an indirect mechanism that probably is not dependent on T cells, because similar levels of B-cell activation were observed in a T-cell-deficient mouse model (10) but could be dependent on innate immune cells in the PBMC compartment, such as pDC. Viruses can modulate B-and T-cell responses through their interaction with pDC (68) . A mechanism for B-cell activation and Ig secretion mediated by cytokines produced by pDC, especially IFN-␣ and IL-6, has been described for influenza virus in vitro (41) . Moreover, sustained signals through the type I IFN-␣/␤ receptor are necessary for massive B cell activation after West Nile virus infection in vivo in mice (56) . Given that we showed that in human PBMC infected with RRV pDC produce type I IFN (49) , it seems reasonable to hypothesize that cytokines secreted by pDC mediate RV B-cell activation and differentiation to ASC (Fig. 4) .
Although RV and iRRV promoted the development of ASC from PBMC (Fig. 4B) , the RV infection of LPS-or CpGstimulated CBC significantly decrease the number of total ASC obtained after culture (Fig. 4C) . The final outcome of the systemic humoral response in an RV-infected individual probably will be determined by a balance between these opposite effects. In addition, the polyclonal activation of B cells has been seen in other viral infections, such as hepatitis C virus (HCV), HIV, and papillomavirus (37, 57, 72) , and it has been suggested that it is a mechanism used by the virus to evade the immune response by the activation of B cell clones of irrelevant specificities (51) .
Significant RV-induced B cell activation has been seen in murine IMC derived from Peyer's patches or mesenteric lymph node (6) . Furthermore, increases in the number of total Igs and ASC from Peyer's patches and mesenteric lymph node have been reported after the oral live RRV but not WC3 (bovine RV) inoculation of suckling mice, suggesting that this effect is viral strain dependent (44) . In contrast, we did not detect the enhanced expression of activation markers after the RRV infection of B cells obtained from intestine (Fig. 4A) , even in the presence of saturating doses of strong polyclonal stimuli (Fig. 4A) . The reason for this discrepancy is unknown. However, differences in isolation methods (mechanic versus enzymatic), the host involved (human versus mouse), and the characteristics of the tissue used may be implicated. Of note, differences in the activation of B cells from human and murine origin have been described. In fact, it is well know that naive human B cells do not respond to stimulation with CpG or LPS, while murine cells are highly activated with these toll agonists (40) because of the differential expression of TLR in human and murine B cells (34) . A disparity in the expression of other receptors also could explain why, contrary to its activation of CBC, RV does not efficiently activate human IBC. For example, inhibitory receptors present on a subset of mBC from tonsils (50) make these cells respond less efficiently to polyclonal stimulation than that for circulating mBC.
After RV infection, purified CBC secreted only small amounts of IL-6, while IBC did not secrete any of the cytokines tested ( Fig. 5 ). Although other RV-infected cells, like monocyte-derived DC (52) , have been reported to produce IL-6, CBC may be partially responsible of the enhanced serum levels of IL-6 observed in children with acute RV gastroenteritis (42) . Since the increased level of IL-6 secretion in vitro was independent of viral replication (Fig. 5) , the high levels of antigenemia observed during acute RV infection could be triggering the B-cell production of this cytokine. After polyclonal stimulation with anti-BCR and RV infection, a significant decrease of IL-6 and IL-8 secretion by CBC was noted ( Fig. 5 ) compared to that of cytokine secretion in BCR-stimulated mockinfected CBC. Both the low level of production of cytokines generated by RV alone and the inhibition of BCR-induced cytokine production could be explained by an RV-dependent blockage of the nuclear accumulation of NF-B in infected cells (a critical transcription factor in B cells for the expression of some proinflammatory cytokines genes, including IL-6 and IL-8 [3] ), as has been shown recently for RV (29, 38) .
Consistently with the decrease in the IL-6 production and ASC differentiation in polyclonally stimulated RV-infected CBC, the stimulation via BCR or TLR-4 of CBC but not IBC significantly increased the percentage of infected CBC (Fig. 6A  and B ). This could be due to the rapid redistribution and affinity changes of some RV receptors caused by the stimuli (30, 65) . In preliminary experiments to determine if the increase in the percentage of infected cells after CBC stimulation was due to an increase in virus entry or an increase in viral replication, we infected targets with RV before or after anti-BCR treatment. In four of six experiments, an increase was obtained when CBC were infected before but not after BCR stimulation (data not shown). In two experiments the increase was obtained in both conditions. These results suggest that both mechanisms are involved. In contrast, even though IBC were more efficiently infected by RRV, the pretreatment with anti-BCR or anti-LPS did not significantly increase the frequency of infected IBC and did not affect their IL-6 and IL-8 secretion ( Fig. 5 and 6 ). This could be related to the fact that, unlike CBC, most IBC are mBC or activated B cells that are highly susceptible to RV infection but were refractory to further activation and associated increased replication (20, 22) . This may be a novel mechanism of local immune resistance and the modulation of RV pathogenesis.
In agreement with our previous results (49) , the depletion of CBC did not modify the frequency of RV-specific memory CD4 ϩ or CD8 ϩ T cells secreting IFN-␥ in PBMC after shortterm stimulation (10 h) (Fig. 7) . The modification of the frequencies of RV-specific T cells in B-cell-depleted IMC also was not detected (Fig. 7) . This finding seems to be at odds with a previous report that supports the role of transferred murine systemic purified B cells in the presentation of RV antigen (13) . An explanation for this discrepancy could be that in the short stimulation assay we used, B cells respond slower than pDC, which quickly produce type I IFN (46) and control the production of IFN-␥ from T cells, as we have shown recently (49) . Prior studies of humans have noted a relative paucity of RV-specific CD8 ϩ T cells in the circulation of both acutely (39) . It is of interest that the present studies indicate that many more RV-specific class Irestricted T cells appear to be resident in the intestine of healthy RV immune adults than in the circulation (Fig. 7) . These preliminary findings should be confirmed and extended in future studies.
In conclusion, these findings suggest that RV differentially interacts with primary human B cells, depending on their tissue of origin and differentiation stage, and this differential interaction likely plays a role in modulating the immune response. Moreover, we describe a relatively efficient model of the RV infection of primary human intestinal cells with a heterologous virus in which one out five B cells and, especially, 20 to 90% of intestinal ASC (CD19 ϩ CD20 low CD38 high CD27 ϩ ) supported RV replication. Most studies of the viral cycle have been performed in cell lines, and future studies using this primary cell model may shed light on basic aspects of RV replication and virus immunopathology.
